. The technology of More Electrical Aircraft adopts increasingly electrical power to drive other aircraft secondary power systems, including mechanical, hydraulic and pneumatic. In the progress of MEA, Variable frequency AC power supply, one predominant technology for MEA, has been applied on large civil aircrafts [2] [3] [4] . Different from conventional aircraft AC power supply, variable frequency generators output frequency ranging from 360 to 800 Hz. And the voltage of the generators is regulated to a constant value.
The background of this article is to develop a potential application of induction motor with strong structure, high reliability and low cost, as the pump drive in the MEA [5] [6] . In the circumstance, Induction motors work at a wide range of input frequency from 360 to 800 Hz [7] .
The aim of the article focus on modeling and simulating the transient of deep-bar induction motors under the supply of aerospace variable frequency power. The work also provides advices to the structure design of deep-bar rotors. Due to skin effect of deep-bar, the resistance and leakage reactance of rotor vary as the rotor frequency changes during the transient operation. With rotor speed increasing and rotor frequency decreasing, the rotor resistance becomes lower and leakage reactance higher [8] . Consequently the starting and frequencychanging performances are affected by the varying-parameters. The effect is even more obvious under the aerospace power supply frequency than civil power frequency with 50 Hz.
Recently many researchers have analyzed and modified the transient models of squirrel-cage induction machine to get much more accurate approaches [9] [10] [11] [12] [13] [14] [15] . Classical model of the rotor deep-bar is based on transmission line theory, by which each deep bar is divided into equal or unequal sections along the depth of each rotor slot. Accordingly the conventional equivalent T-circuit of induction motor modifies the branch of rotor into multiple branches in parallel. Varity of improved equivalent circuits, including L-circuit, PI-circuit and improved PI-circuit, were discussed [9] in order to obtain accurate model configuration with less parallel branches and acceptable error. Another unequal separation concerned optimized separation proportion to achieve more suitable equivalent branches with less error [13] . Based on the modified equivalent T-circuit, squirrel-cage induction motor transient performance was analyzed [11] [17] . The main contribution of this article will be that the author proposes a new approach without adding extra rotor branches of equivalent circuit for the transient simulation on squirrelcage induction motor considering skin effect and magnetic saturation. The transient simulation includes starting and frequency-changing process, of which the latter is particularly for aerospace variable-frequency power supply. Tracing the rotor speed and frequency, varying rotor resistance and leakage reactance can be calculated with the known rotor structure and frequency. Magnetic saturation effect can be acquired from varying magnetising inductance. Similarly magnetising inductance can be calculated through tracing rotor speed and magnetic current. So both rotor parameters and magnetising inductance can be regard as frequency-dependent parameters. Inducing these frequency-dependent parameters into statespace model, a new transient model and simulation can be obtained.
II. TRANSIENT INDUCTION MOTOR MODEL
The traditional equations of three-phase induction motor with squirrel-cage bars are based on steady-state equivalent circuit. In order to approach dynamic model, many different methods were introduced to modify the equivalent circuit, e.g. using double-cage type circuit and more rotor branches. Most of them result in dimension increase of the equations. Although motor parameters vary because of skin effect and magnetizing saturation, the dynamic model can be established by adding these varying parameters directly into the steady model. As pointed out in Fig. 1 , magnetising inductance, rotor leakage reactance and resistance are not constant during the transient process. Based on the circuit with variable parameters, steady state-space equations of induction motors can be modified. 
T PL i i =
And mechanical equation is also denoted by (2) . In (1)
Before substituting (3) into (1), two differential equations should be calculated by
Adopting (4) 
For simplifying the expression of state-space equations, (7) could be expressed as follows. 
III. SKIN EFFECT AND MAGNETISING SATURATION

A. Deep Bar Effect
Deep bar effect contributes to the rotor cage presenting different impedance during transient periods. The reason for the difference lies, in essence, in the nonlinear behaviors of rotor. When it operates at stable speed, the rotor frequency keeps constant and accordingly the penetration depth which affects rotor impedance is a fixed value. When rotor frequency changes during transient periods, the depth is different, i.e. the impedance of rotor depends on the transient rotor frequency.
The proposed method illustrates dynamic process by using the variation in the rotor impedance over a specified frequency range. The frequency range is in reference to operation conditions that hereinafter refer to aerospace power frequency ranging from 360 Hz to 800 Hz. As the power frequency higher than industrial frequency with 50 Hz, the more obvious skin effect can be attributed to variable frequency during dynamic periods.
With known structure of deep bar, the skin effect can be acquired through analyzing dynamic process of rotor impedance, including slot leakage reactance and resistance. The analysis is described with rectangular slot.
Without considering skin effect, the resistance and slot leakage reactance are given as Considering skin effect, the impedance of rectangular bar at different frequency is expressed below: During transient process of variable frequency, rotor impedance is not fixed and changes as varying frequency. The calculation of dynamic impedance is showed above by using available design data about rotor structure and the known frequency range. Based on the information, dynamic rotor impedance can be determined, e.g. the process shown in Fig. 2 .
B. Magnetic Saturation
The magnetic reluctance of materials results in the permeability decreases with magnetizing current increasing to a certain degree. Magnetic saturation of the main flux contributes to the varying of magnetizing inductance. The magnetizing inductance, in this case, can be regarded as a function of magnetising current. The functional relation between magnetising inductance and current can be obtained from no-load tests that hold in different voltage levels. Because magnetic saturation is based on the structure and material characteristics, magnetising inductance can also be calculated through Finite Element Analysis with known design data. So by this method magnetising inductance is described as a frequency-dependent function, showing the dynamic inductance versus slip or rotor frequency. The FEA methods help designers to analyze the saturation situation of designed machines. However manufacturing errors could cause the difference between FEA results and motor tests at times. So magnetising inductance is also obtained from noload tests. Fig. 3 represents the magnetising reactance varies versus the current. The functional relation in Fig. 3 can be established by curve approximation methods.
IV. TRANSIENT SIMULATIONS
A. Simulation Model Configuration
The mathematical model of squirrel cage induction motors is based on the d-q stationary reference frame. The simulations are achieved in the Matlab/Simulink environment.
Deep bar effect and magnetic saturation are considered in the simulation model through introducing variable rotor impedance and magnetising inductance into voltage-current equations. And varying magnetising inductance is also contained in torque equation. As shown in Fig. 4 , varying rotor parameters are given by calculating the design data about rotor structure and tracing rotor speed or frequency. Although magnetising inductance can be regarded as a function of frequencydependent during starting periods, it is obtained, in the model, by using the function of magnetising current. The calculation methods of variable parameters are presented in section III. Fig. 4 Schematic of the simulation model.
B. Starting Process
The design and no-load test data of a 7.5 kW deep bar induction motor were used in the simulation model. The aerospace supply power for this motor has constant voltage of 115 volt and variable frequency ranging from 360 Hz to 800 Hz. Because higher frequency shows more obvious deep bar effect, the simulation results at 800 Hz are demonstrated below. Detailed motor data are shown in Table 1 . During the starting process, the rotor impedance varied as rotor speed. The varying process about rotor parameters is represented in Fig. 5 . From  Fig. 6 to Fig. 8 , the comparison of two kinds of calculation is presented, of which one calculated deep bar effect and main flux saturation, and another used constant motor parameters. Deep bar effect and magnetic saturation improve the starting performance evidently, of which start torque got higher and starting current lower. 
C. A 200 Hz/s Frequency change
As the output speed of aero engines changes, the power system frequency falls down at a defined rate of 200 Hz/s from 800 Hz to 600 Hz [7] . The effect under this condition has been analyzed through adding a frequency controller in the simulation model.
As shown in Fig. 9 , frequency decreases from 800 Hz at the point (1.5 sec.) when motors operate at steady state to 600 Hz within 1 second. During the period of frequency change, motor performance shows nonlinear features. As the motor impedance vary which affected by frequency change, e.g. rotor impedance in Fig. 10 , dynamic torque, speed and stator current are simulated in Fig. 11 . 
